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ARTICLE INFO ABSTRACT

Keywords: Because of the substantially high growth rate, algae have become a prominent biomass feedstock to produce
Algae biofuels and renewable chemicals leading to research on cost-competitive means to cultivate and convert algal
Biofuels biomass. Wastewater effluent streams provide the necessary water and nutrient inputs for algal growth, how-
Hydrothermal liquefaction ever, the low lipid, high ash composition of algal solids produced are not ideal for conventional conversion
Phos_phorus recovery techniques. Hydrothermal liquefaction (HTL) is a holistic algal conversion method that utilizes subcritical water
Calcium phosphate . . . . . s .
to produce biocrude and high-valued solid product from wastewater-cultivated algal solids. The objective of this
study was to understand how calcium, the primary inorganic element of wastewater-cultivated algal solids,
affects the final HTL products. The calcium concentration was varied in six algal growth tanks and the algae was
harvested via high pH induced-flocculation. The algal biomass was then processed using HTL at 350 °C for 1 h.
Calcium carbonate was the primary crystalline structure observed in the algal and HTL solids. One HTL solid
sample showed a significant production of tricalcium phosphate. The higher calcium concentrations resulted in
near 100% capture of phosphorus in the HTL solids. Increasing the calcium content also had a positive impact on
the biocrude including the H/C ratio, amide, alkene, and carboxylic acid content. The results of this study
suggest that the inorganic solids collected from high pH, flocculated harvesting may have an in-situ catalytic

impact on the biocrude.

1. Introduction

The effluent from municipal wastewater treatment facilities
(WWTF) is a potential water and nutrient source for algal cultivation
that is both sustainable and inexpensive. Algae can assimilate a ma-
jority of the remaining nitrogen (N) and phosphorus (P) from the ef-
fluent, thus inhibiting nutrient accumulation in lakes and river deltas
[1,2]. However, algae cultivated from wastewater (WW) typically has a
low lipid and high ash content [3-6], which is not ideal for lipid con-
version to biofuels. Furthermore, algal lipid conversion technologies
often require extensive drying and hazardous solvents. Hydrothermal
liquefaction (HTL) is a thermochemical process that converts wet algal
biomass to a biocrude product that is comparable to petroleum crude
[7]. HTL requires subcritical temperatures and pressures (250-350 °C;
5-22 MPa) to produce the liquid, biocrude product, and by operating at
10-30 wt% solids, HTL greatly reduces the energy-intensive, dewa-
tering step required for other algal conversion techniques [8-11].

We have previously reported [3,12] on HTL utilizing mixed-culture
algae cultivated in WW, which resulted in different product yields than
more commonly reported single-species, low-ash algae. Analysis of the
HTL products from WW-cultivated algae revealed that the biocrude
yields on an ash-free, dry-weight (afdw) basis are comparable to those
of low-ash algae. However, high ash contents of the algae and sub-
sequent higher HTL solids yields were observed. Further analysis of the
algal and HTL solids revealed high levels of calcium, which was as-
cribed to the addition of lime, Ca(OH),, as a buffering agent to the WW
treatment process. In addition to the higher solids yields, notable dif-
ferences in the biocrude quality and composition, including higher
carbon and lower nitrogen and oxygen recovery, were observed, sug-
gesting in-situ catalytic upgrading of the biocrude occurred. Similar
results have recently been reported by Chen, et al. [13]

Along with the higher levels of calcium observed, we have also re-
ported that 95% of the phosphorus contained in the algal solids is re-
covered in the HTL solid product as a highly substituted hydroxyapatite
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(HAp), Cas(PO4)3OH. This is in contrast to results from HTL of low ash
algae in which high levels of phosphorus remain in the aqueous co-
product (ACP) [14,15]. The presence of calcium in the wastewater algal
solids was reported to play a role in the high P-recovery in the solid
phase [12]. Others have observed similar impacts of inorganics on the
phosphorus recovery. Yu, et al. [16] hypothesized that the calcium and
magnesium content are pivotal in the fate of phosphorus in the HTL
products, but only a 47% P-recovery in the solids was achieved when
doping the HTL reaction with metal catalysts. High solid P-recovery, up
to 89%, has also been observed at hydrothermal processing at lower
temperature and pressures known as hydrothermal carbonization
(HTC) where it has also been hypothesized that the metal:P ratio of the
feedstock impacts the solid-P recovery [17].

The addition of metal cations such as Ca®>* and Mg>" in the algal
solids may benefit the recovery of P in the solid-phase post-HTL, but it
also increases the amount of inorganics present with the algal biomass.
The higher inorganic content in the algal feedstock solids results in
higher HTL solids yields, but these solids may also have an in-situ cat-
alytic impact on the biocrude product. The objective of this paper is to
demonstrate the role that the Ca:P molar ratio in algal solids has on: 1)
the fate of P post-HTL, 2) the structure of the HTL solids, and 3) the
quality of biocrude produced. To the best of the author's knowledge,
this is the first study where the inorganic content in the HTL reactor is
varied by controlling algal growth conditions and harvesting techniques
as opposed to doping the reactor with catalysts. In addition, this is the
first study to examine the in-situ effects that solid synthesis may have on
biocrude composition.

2. Experimental methods
2.1. Algal cultivation & characterization

Chlorella kessleri (UTEX 262) culture was inoculated in BG-11 nu-
trient media [18] in six, 15L light rack tanks. The nitrogen to phos-
phorus molar ratio (N:P) was constant at 78, while CaCl, was added to
adjust the theoretical Ca:P molar ratio in each tank. The pH remained
neutral (7.0 = 0.1) during growth by continually bubbling CO, into
the tanks. Optical density measurements were used to monitor the
growth stage of the algae using a spectrophotometer (5810R, Eppen-
dorf,) at 600 nm wavelength [19].

Once the cultures reached the stationary phase, the pH in each tank
was increased to 10.5 by adding caustic soda (2 M NaOH). The rise in
pH caused a shift in the media equilibrium that benefited solid pre-
cipitation and algal flocculation [20,21]. Samples of the growth media
were taken prior to inoculation (Pre-Growth), before increasing the pH
(Pre-Floc), and after auto-flocculation was complete (Post-Floc). From
these media samples the calcium (Ca), phosphorus (P), and magnesium
(Mg) concentrations were measured in triplicate using a Varian 725-ES
inductively coupled plasma-optical emission spectrometer (ICP-OES,
Varian 725-ES, Varian, Australia). These elements are of interest as they
have been previously reported to have a concentration > 1 mg/L in
wastewater growth media and nearly 90% or higher recovery in the
HTL solids [12]. Alkalinity and pH were also measured in the Pre-Floc
and Post-Floc media to calculate total carbonate (CO32~) before and
after flocculation. Further dewatering of the algal slurry was done using
an Eppendorf 5810R centrifuge at 12857g (RCF) for 2 min. Finally, the
algal solids were freeze-dried in a Labconco Freezone 4.5 and ground to
obtain a powder with < 5 wt% moisture.

After a low moisture powder was achieved, the algal solids were
further characterized. Proximate analysis of the algal solids was con-
ducted in triplicate by a Thermal Analysis Q600 Thermogravimetric
Analyzer (TGA) (TA Instruments, New Castle, Pennsylvania, USA) using
a previously described method [12]. An ultimate, CHN/O elemental
analysis was measured in triplicate by a Perkin Elmer 2400 Series II
Elemental Analyzer (Waltham, MA). The final inorganic content (mg/
kg) of the algal solids for the elements of interest (Ca, P, and Mg) was

Algal Research 40 (2019) 101501

calculated from the difference in concentrations between the Pre-
Growth and Post-Floc media, while the final mass of algal solid biomass
was determined after freeze-drying and grinding. To detect and define
possible crystalline structures within the algal solids, a Bruker Micro-
Star micro-focus rotating anode x-ray source at 45kV and 60 mA was
used with an APEX II CCD detector. The method for XRD diffraction has
been previously reported [12].

To estimate the macromolecular contents of the algal solids, the
Anthrone method [22] was used for measuring carbohydrate amount
and the Lowry protein assay [23] estimated the protein content. A
three-solvent lipid extraction technique was performed for straight lipid
extraction. The solvent solution of hexane, tetrahydrofuran, and me-
thylene chloride was prepared at a 1:1:1 by volume ratio [24]. To ex-
tract the lipids from the algal biomass, 5mL aliquots of the solvent
solution were added to 200 mg of dried algae mass and sonicated. The
solid-liquid mixture was then centrifuged at 1159g (RCF) for 2 min and
the supernatant was extracted. An additional 5 mL aliquot of the solvent
solution then added to the residual solids and the previous process was
repeated. This procedure was repeated thrice until a total of 15mL of
extracted lipids and solvent solution was obtained. The solvent solution
was then evaporated off using nitrogen, and the residual lipids were
processed into fatty acid methyl esters (FAMEs) via the transester-
ification method reported by Laurens et al. [25]. The resulting neutral
lipid components were analyzed by gas chromatography mass spec-
trometry (GC/MS, 7890B, Agilent, Ltd., California, USA) to confirm
complete conversion and to identify primary FAMEs within the algal
biomass [26]. Ethyl stearate (Sigma Aldrich > 99%) was used as an
internal standard to further quantify the amount of lipids in the algal
sample.

2.2. Hydrothermal liquefaction & extraction procedure

Hydrothermal reactions were conducted in 75 mL, 4740 series Parr
reactors. The reactors were loaded with 30 mL of DI water and 10 wt%
freeze-dried algae. The algae and water were mixed until homogenous.
Nitrogen was used to purge oxygen from the reactors. The reactors were
heated using a Techne SBL-2D fluidized sand bath with a Techne TC-8D
temperature controller from room temperature to 350 °C at 3 °C/min
then held isothermally for 60 min. The reactors were immediately
quenched with room temperature water and the gas vented. The ACP
was collected first by pouring the reactor contents over a 2.5 pum filter
and applying vacuum. The remaining reactor contents and vacuum
filter were washed thoroughly with dichloromethane (DCM) and
gravity filtered through an 8 pm filter. The DCM and dissolved biocrude
were collected in a round-bottom flask. Finally, the DCM was distilled
to < 5wt% remaining in the biocrude product.

2.3. Yield and product characterization

Product yields for biocrude, HTL solids, and aqueous carbon were
reported on a dry weight (dw) basis. The following equations were used
to determine product yields:

Vthio(:rucle(1 - %DCM)

Biocrude Yield = X 100
algaedw (1)
Solids Yield = Yol X %ashsoias 0,
algaey,, (2)
1 TOC
Aqueous Carbon = VOlace X X 100
algae,,, X %carbon gy 3)

where algaeg,, is the dry weight mass of algal solids loaded into the
reactor; Wtpiocrude iS the measured biocrude mass after distillation; %
DCM is the weight percent of DCM remaining in the biocrude after
distillation; wtsigs is the total mass of dry HTL solids after gravity and
vacuum filtration; %ashsoqs is the ash weight percent of the HTL solid
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product; volacp is the measured volume of ACP after vacuum filtration;
TOC is the measured concentration of organic carbon in the ACP; and %
carbong,, is the dry weight percentage of carbon in the algal solids. The
amount of biomass generated in this study only allowed for single HTL
reactions to be conducted. Triplicate HTL reactions in the identical 75-
mL reactors were performed on wastewater algal solids of similar dry
weight composition. Biocrude yields (dw%) of 19.9, 20.2 and 19.5 and
HTL solid yields (dw%) of 24.5, 25.4 and 25.0 were obtained. The
uncertainty for the biocrude and HTL solid yields was 0.4 dw% and 0.5
dw%, respectively. We expect the reactions in this study to have similar
uncertainties.

Ultimate analysis of the biocrude was also determined in triplicate
by a Perkin Elmer 2400 Elemental Analyzer from which the estimated
energy density, or higher heating value (HHV), of the biocrude was
calculated by the Dulong formula seen in Eq. 4).

HHV (MJ/kg) = 0.338 wt%C + 1.428wt%H — 0.1785wt%0 4

The remaining DCM solvent amount as well as the various oil
fractions present in the biocrude were determined using a Thermal
Analysis Q600 TGA using a previously reported simulated distillation
(SimDist) method [12]. Lastly, gas chromatography—mass spectrometry
(GC-MS) was performed on the biocrude using an Agilent 7890 Series
GC system with an Agilent HP-5MS UI column (30 m length; 0.25 mm
diameter; and 0.25 pum thickness). The biocrude sample preparation and
injection method are identical to what has previously been reported
[12].

The HTL solids product were characterized similarly to the algal
solids. The ash content and the crystalline structure of the HTL solids
were determined using the same proximate analysis and XRD methods
described for the algal solids. Carbonate wt% for the HTL solids was
also determined by TGA, as the derivative weight (wt%/min) that ap-
pears between 600 and 800 °C. This is supported from the CO5>~ bal-
ance on the Pre- and Post-Floc media, the experimental testing on pure
CaCOs, and from the literature that states CO, is liberated from CaCO5
at these temperature ranges to form CaO [27]. Thus, a wt% CO3 could
be calculated from the wt% CO, loss from the TGA proximate analysis.
Additionally, Fourier Transform Infrared Spectroscopy (FTIR) was
performed on the HTL solids from a Varian 640-IR equipped with a
GladiATR (PIKE Technologies). Due to limited formation of HTL solid
product a single XRD, FTIR, and TGA analysis was performed. Finally,
total organic carbon (TOC) and total nitrogen (TN) of the ACP were
measured in triplicate using a Teledyne Tekmar TORCH TOC/TN
Analyzer (Teledyne Tekmar, Waltham, MA), while the inorganic con-
tent was measured by ICP-OES. The inorganic species content of the
HTL solids was calculated from the balance of the inorganics loaded
with the algal solids and the measured inorganic concentrations and
volumes in the ACP. It was assumed that negligible amounts of the
inorganic species of interest: Ca, P, and Mg could be found in the bio-
crude product [28].

3. Results & discussion
3.1. Algal solid characterization

Table 1 displays the measured calcium, phosphorus, and magnesium
concentrations for the Pre-Growth, Pre-Floc, and Post-Floc media. The
magnesium concentration in the Pre-Growth media was constant across
all six tanks at 7 mg/L. As intended, the calcium concentration in the
Pre-Growth media increased from 9.2 to 57.2 mg/L from tanks 1 to 6
respectively. The phosphorus concentration gradually decreased from
7.0 to 5.5 mg/L from tanks 1 to 6 respectively in the Pre-Growth media.
The lower phosphorus concentrations were most likely due to the
substantial increases of Ca in these tanks causing some calcium phos-
phate to precipitate out of solution. Overall, the Pre-Growth media Ca:P
molar ratio ranged from 1.0 to 8.0.

After the algae had reached the stationary growth stage, the
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phosphorus remaining in the Pre-Floc media was < 1 ppm in all six
tanks. This large decrease in phosphorus concentration is due to the
limiting phosphorus growth conditions and phosphorus assimilation to
construct biomolecular components such as DNA, ATP, and phospho-
lipids. Magnesium is also assimilated into the cell which can explain a
reduction of approximately 2 mg/L of magnesium between Pre-Growth
and Pre-Floc media. With the exception of tank 1, the calcium con-
centration increased from 1.5 mg/L to as much as 8 mg/L in tanks 4 and
5 between Pre-Growth and Pre-Floc measurements. This rise in calcium
concentration can be explained from the approximately two liters of
water lost to evaporation in the individual tanks between Pre-Growth
and Pre-Floc.

After high-pH flocculation, a decrease in concentration was ob-
served for the three dominant inorganic elements. Except for tank 1,
most of the remaining calcium in the Pre-Floc media (> 60%) pre-
cipitated from solution. The phosphorus concentration also decreased
between the Pre- and Post-Flocc media. However, due to its initial low
concentration in the Pre-Floc media, only minimal amounts of phos-
phorus could have precipitated. Finally, the magnesium concentration
decreased approximately 2 mg/L across all six tanks after flocculation
at a high pH. Vandamme, et al. [29] demonstrated that the presence of
soluble calcium and magnesium increased the flocculation efficiency of
Chlorella vulgaris at pH between 10.5 and 12.

Table 2 describes the proximate analysis and inorganic content of
the algal solids harvested from each of the six tanks. The combustible
(comb.) wt% of the six algal solids were generally the same, ranging
from 15 to 18 wt%. Algal solids harvested from tanks 1-3 had ap-
proximately 75-76 wt% volatile material, while tanks 4-6 were slightly
lower at 68-72 wt%. As expected, higher calcium concentrations and
ash contents were observed in the algal solids harvested from tanks 4-6
compared to the growth tanks with lower calcium contents in the Pre-
Growth media. The calculated calcium concentrations increased from
near 2500 mg/kg to over 100,000 mg/kg, while the ash content in-
creased from near 6 wt% to almost 13 wt%. Finally, the total phos-
phorus content of the algal solids was slightly higher in tanks 1-3
(12,000-14,000 mg/kg) compared to tanks 4-6 (10,000-11,000 mg/
kg). Meanwhile, the magnesium content was more scattered with algal
solids from tank 3 having the most Mg (12,380 mg/kg) and tank 4 the
least (7780 mg/kg). The remainder of algal solids had between 8000
and 9000 mg/kg of Mg.

As calcium increased in the algal solids, so did the carbonate (CO3)
wt%. The amount of carbonate that precipitated out during harvesting
can be calculated based on the alkalinity (CO527), and the Ca®* and
PO~ concentration of media. Previous studies calculating saturation
indexes for different calcium species have shown that hydroxyapatite is
a thermodynamically stable species [30]. In a chemically defined
aqueous solution containing calcium and carbonate, CaCO3 can be a
dominant precipitant when the PO,>~ is low at an elevated pH. XRD
patterns of the algal solids harvested from tanks 4-6 confirmed the
presence of calcite (CaCO3). Although the XRD patterns of the algal
solids harvested from tanks 1-3 were amorphous, the calculations at
the alkalinity and pH during harvesting in this study still suggest CaCO3
precipitation during high-pH flocculation.

The ultimate and macromolecular content of the algal solids har-
vested from each tank is shown in Table 3. Tanks 4-6 had a lower dry
weight percentage (dw%) carbon, hydrogen, and nitrogen (avg. 48.3,
6.1, and 7.8 dw% respectively) than tanks 1-3 (avg. 53.6, 6.9, and 9.0
dw%), while the oxygen content remained constant near 20 dw%.
Lower carbohydrate, lipid, and protein contents were also observed in
tanks 4-6. The macromolecular content of algal biomass is related to
the initial N:P ratio of the growth media and growth phase at the time
of harvesting [31-33]. While both these parameters were constant in
this study, the initial loss of phosphorus presumed to be due to calcium
phosphate precipitation in the Pre-Growth media, is likely the cause of
the differences in the ultimate and biochemical contents between tanks
1-3 and tanks 4-6.
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Table 1
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Inorganic concentrations of the six individual light rack tanks before inoculation (Pre-growth), upon reaching stationary phase and before auto-flocculation (Pre-
Floc), and the supernatant after auto-flocculation (Post-Floc). Non-detectable (n.d.) is < 0.05mg/L. (n.a) represents a single measurement.

Tank Pre-Growth Pre-Floc Post-Floc
Ca P Mg Ca:P Ca P Mg Alkalinity Ca P Mg
mg/L mg/L mg/L mol mg/L mg/L mg/L mg/L as CaCO3 mg/L mg/L mg/L
1 9.2 + 0.1 70 £ 01 77 £ 0.1 1.0 9.1 + 0.1 06 =01 5601 249 + 2 9.3 + 0.1 0.5 = 0.1 44 + 0.1
2 190 £ 01 6501 7301 2.3 205 +01 02=*01 55=01 359 + 4 7.7 = 0.1 0.1 = 0.1 35 = 0.1
3 288 +02 6101 7.4 02 3.7 312+ 01 02+01 54 =01 363 + 5 53 = 0.1 n.d. 1.7 = 0.1
4 380+ 01 6001 73=%02 4.9 460 + 01 07 01 58 *0.1 410 = 2 141 £ 01 03 = 0.1 3.9 + 0.1
5 445 + 02 59+ 01 7.2 %02 5.9 527 £ 01 01 *01 52=*01 410 + 2 42 + 0.1 n.d. 2.6 = 0.1
6 572 +03 55*01 73 =01 8.0 63.4 + 0.2 n.d. 53 = 0.1 391 (n.a) 42 = 0.1 n.d. 3.6 = 0.1
n=3 n=3 n= n=3
It should be noted that the mass balance from the ultimate analysis, reaction, an inorganic balance was calculated from Eq. (5).
on an ash-free, dry weight (afdw%) basis, was within 7% for the algae
harvested from all six tanks. Similarly, the afdw% balance for the algae %Inorganic Recovery = ~/HIL solids X %ashure solids o 100
harvested from tanks 1-3 was within 6%. However, for the algae har- Maigae X %aShaigae 5)

vested from tanks 4-6 the afdw% balance had a discrepancy between
8% and 23%. The difference can be explained by the presence of car-
bonate in the algal solids leading to an underestimation of the ash wt%
with TGA. During the pyrolysis and combustion of the algal solids
containing high levels of carbonate, carbon dioxide is produced. This
carbon dioxide is associated with the decomposition of carbonate and
would not be accounted for by conventional methods to measure pro-
tein, carbohydrates, and lipids. When the mass due to CO, loss is in-
corporated in the afdw%, the balance, the material balance is consistent
for the algae harvested from all six tanks.

3.2. HTL product yields and recovery

Fig. 1 reports the biocrude and solid product yields from conven-
tional HTL of the algal solids harvested from each tank. The highest and
lowest biocrude yields on a dry weight basis were 47.8 dw% observed
with algal solids from tank 2 and 35.4 dw% produced by algal solids
harvested from tank 5. The biocrude yield on an ash free dry weight
basis ranged from 35 to 45 afdw%. These biocrude yields for conven-
tional HTL are consistent with the previous studies reported in the lit-
erature [3,9,12,34]. As expected, the yield of solids from the HTL re-
action increased with increasing calcium content of the growth media.
The yield of the solids from the HTL reaction on algae harvested from
tanks 1 and 2 was < 2 dw%.

Over 17 dw% solids were recovered after the HTL reaction on algae
harvested from the tank with the highest calcium loading. To further
identify if any inorganic solid transformation occurred during the HTL

where myg,e is the mass of algal solids loaded into the reactor, myry,
solids i the mass of HTL solids recovered from the reactor, %ashyg,e is
the ash wt% of the algal solids and %ashyry, solids is the ash wt% of the
HTL solids.

The ash wt% for both the algal and HTL solids was determined using
the proximate analysis method on a TGA. Similar to the HTL solids yield
and the algal solid ash and calcium content, the recovery of inorganic
ash material after HTL were directly related. Only 25-30% of the initial
inorganic content of the algal solids from tanks 1 and 2 were recovered
in the solid HTL product. Tank 3 algal solids saw a 65% recovery of
inorganics in the HTL solids, while algal solids from tanks 4 and 5 had
86% and 82% inorganic recovery in their HTL solids, respectively.
Jiang and Savage [35] reported the only substantial amount
(> 300 ppm) of metal content present in biocrude from conventional
HTL of microalgae to be sodium and iron metals. Thus, the balance of
the inorganics, especially those of interest in this study, are expected to
be in the ACP. Algal solids harvested from tank 6, however, saw >
130% of the initial inorganic, ash material in the algal solids recovered
in the HTL solid product. This indicates a chemical transformation of
the inorganic solids occurs during HTL. This transformation causes the
mass of solid ash remaining after TGA proximate analysis for the HTL
solids to be greater than that of the initial algal solids.

Fig. 2 shows the fate of phosphorus between the ACP and solid HTL
products. The phosphorus recovery in the HTL solids was < 72% when
the HTL reaction was performed on the algal solid from tanks 1-3. This
means that between 28 and 44% of the phosphorus remained in the
aqueous phase. The high amount of phosphorus in the aqueous phase is

Table 2
Proximate and inorganic characterization of the algal solids harvested from the six individual light rack tanks.
Tank Proximate Inorganic
Vol. Comb. Ash Ca P Mg Ca:P CO;3 XRD
dw% dw% dw% mg/kg mg/kg mg/kg mol wt%
1 77.1 = 0.3 16.8 = 0.1 6.1 = 0.3 2490 + 980 14,180 + 590 8240 + 700 0.1 n.d Amorph.
2 76.3 = 0.4 17.4 = 0.1 6.3 = 04 25,700 = 1500 13,230 = 530 8.960 = 630 1.5 3.4 Amorph.
3 77.2 = 0.3 18.2 = 0.1 4.6 = 0.3 50,200 *= 2100 12,630 + 490 12,380 + 700 3.1 6.9 Amorph.
4 73.4 = 0.2 18.6 = 0.1 81 + 0.1 51,200 = 2700 11,440 + 480 7780 *+ 690 3.5 8.2 Calcite
5 69.2 = 0.2 18.6 = 0.1 123 £ 0.2 74,200 = 2800 10,620 + 430 9060 * 610 5.4 11.4 Calcite
6 71.5 = 0.5 154 = 0.1 13.1 £ 0.5 105,000 + 3800 10,780 * 450 8160 *= 600 7.5 15.1 Calcite
n=3

Volatiles abrv. Vol.
Combustibles abrv. Comb.
Amorphous abrv. Amorph.
Non-detectable (n.d.)
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Table 3
CHNO and macromolecule characterization of the algal solids harvested from the six individual light rack tanks.
Tank Ultimate Biochemical
C H N (0] Carb. Protein Lipid
dw% dw% dw% dw% dw% dw% dw%
1 53.8 = 0.1 6.8 £ 0.1 89 * 0.1 20.2 = 0.3 247 * 3.1 54.2 * 4.2 9.0
2 53.7 + 0.1 6.9 = 0.1 9.1 + 0.1 20.2 = 0.1 239 * 2.3 61.4 + 3.1 9.0
3 53.2 + 0.1 6.9 = 0.1 89 = 0.1 20.6 * 0.2 27.5 * 3.3 60.9 + 1.0 8.5
4 50.9 + 0.1 6.6 = 0.1 83 = 0.1 20.8 * 0.2 21.4 * 2.8 48.8 = 1.0 7.6
5 47.7 £ 0.1 6.0 = 0.1 7.7 £ 0.1 20.7 + 0.2 239 * 5.9 46.9 + 8.2 8.8
6 46.3 + 0.1 5.6 = 0.1 7.4 + 0.1 21.1 + 0.3 16.6 + 4.6 39.4 + 5.2 7.9
n=3 n=2 n=1
Carbohydrates abrv. Carb.
* Average std. dev. for lipid analysis was 0.9.
50 - - OBiocrude ® Solids the higher calcium loading in the growth media. Heilmann et al. de-
monstrated via HTC of various animal manures that manure with higher
40 . - metal content resulted in higher levels of phosphorus being recovered
— in the solid product [17]. They suggested this phenomenon was due to
§ formation of highly insoluble, phosphate salts with these metal cations,
2 30 - which is analogous to the observed HAp in the HTL solids from WWAS
S by Roberts et.al [12,17]. In order to test this hypothesis, an additional
o) HTL reaction was conducted by combining algal solids from tanks 1 and
@ 20 ~ 2 with commercial CaCO3 (Fisher Scientific). An equal mass of algal
> solids from tanks 1 and 2 were mixed and then doped with 0.2 g of
10 - CaCOs3, Represented in Fig. 2 as “1 & 2,” this reaction resulted in 97% of
the phosphorus being recovered in the HTL solids as opposed to the
I original 72% and 56% of the phosphorus recovered individually from
0 | o | B tanks 1 and 2 respectively.
1 2 3 4 5 6

Algal Tank

Fig. 1. Biocrude and solids dry weight (dw%) yields from conventional HTL of
the six algal solid samples harvested from each individual tank (n = 1).

OACP mSolids

100% -
80% -
60% -
40% -
20% -
0%
1 2 3 4 5 6 1&2

Algal Tank

P-Recovery

Fig. 2. Phosphorus (P) recovery in the aqueous (ACP) and solid HTL products
from individual algal solids harvested from their respective tanks (n = 3). An
additional HTL reaction was performed combining algal solids from tanks 1 and
2 with CaCOj3 to observe its impact on the fate of P post-HTL.

characteristic of many studies previously reported with HTL of single
strain, low ash algae [14,15,36]. In contrast to those studies, algal so-
lids from tanks 4-6, saw nearly 100% of the phosphorus retained in the
HTL solids. The nearly complete recovery of phosphorus in the HTL
solids agree with our previous study from wastewater-cultivated algal
solids [12].

The cause for high solid phosphorus recovery could be explained by

3.3. HTL solids characterization

It is evident that the inorganic species present in the algal solids
transform during the HTL reaction. To understand the changes taking
place, further characterization of the final solid structure was per-
formed. Fig. 3 depicts the XRD patterns of the solids produced from HTL
on the algal solids from tanks 2-6.

The algal solids in these tanks had calcium concentrations ranging
from 25,000 mg/L to over 100,000 mg/L, and Ca:P molar ratios > 1.0.
The algal solids with low calcium contents (< 2500 and Ca:P molar
ratio of 0.1) produced amorphous HTL solids. Peaks associated with
crystalline tricalcium phosphate (TCP), Ca3(PO,4)., were clearly present
in the HTL solids produced from algae harvested from tank 4. Tank 4
had the highest amount of phosphorous in the Pre-Floc media. It is
possible that small amounts of TCP are also present in the spectra for
the HTL solids from tanks 2, 5, and 6, but no significant peaks were
observed. The primary species present in the HTL solids for the algae
harvested from tanks 5 and 6 was CaCOs.

Fig. 3 also shows the presence of additional peaks in the XRD that
are not characteristic of TCP or CaCO3;. We have not yet been able to
identify any calcium phosphate or other species that would produce the
unidentified peaks. Due to the high probability for substitution in the
HTL solid crystalline structure, it is presumed that these HTL solids
have acquired additional cations or anions into its crystalline structure
making difficult to identify one or multiple, crystalline species. Roberts
et al. reported similar substitution in their HTL solids that were pri-
marily, uniform hydroxyapatite, but EDS further showed the presence
of Mg and Si [12].

Although XRD did not detect significant crystalline calcium phos-
phates in all of the HTL solids produced, FTIR experiments provides
evidence of the presence of phosphorus and specifically, PO,>~ in the
HTL solids. Fig. 4 shows the FTIR spectra of the solids produced from
HTL of the algal solids from all six tanks. Phosphate (PO437) has two
distinct peaks at 600 and 550 cm ! and a broad peak with multiple
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Fig. 3. XRD patterns of the HTL solids produced by algal solids with Ca:P molar ratio between 1.5 and 7.5 shown on the left. The resulting HTL solid Ca:P molar ratio
is displayed on the right. Peaks indicative of CaCO3 are shown by circles, while those indicative of TCP are shown by squares.
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Fig. 4. FTIR spectra of the crystalline HTL solids, which indicate the presence of
both COs2~ and PO,®~ in the HTL solids of high-Ca:P algal solids. The Ca:P
molar ratio of the algal solids from Tank 1-6 were 0.1, 1.5, 3.1, 3.4, 5.4, and
7.5, respectively.

shoulders from 900 to 1150 cm ™}, which is characteristic of PO,
stretching.

All the peaks are clearly present in the HTL solids that were pro-
duced from the algal solids harvested from tanks 4-6. In contrast, broad
peaks that are not as distinct are observed for the HTL solids produced
from the algal solids from tanks 1-3. Carbonate (CO3> ™) peaks typically

appear at 712 and 872cm ™! with a broad peak between 1150 and

1650 cm ™ *. XRD diffraction showed that increasing the calcium con-
tent of the growth media resulted in a higher amount of CaCOs in the
algal solids and resulting HTL solids. Fig. 4 confirms the strong presence
of carbonate in the HTL solids with the two highest calcium additions
but only a small amount in the algae harvested from tank 4. No car-
bonate was observed in the HTL solid produced from algae harvested
from tanks 1-3. Several others have identified the CO5%~ and PO,3~
peaks to be characteristic of substituted apatites and TCP minerals si-
milar to what is observed in these HTL solids [12,27,37,38].

XRD and FTIR provide qualitative results and are not as accurate for
quantitative analysis. Thus, alternative methods were used to further
quantify the carbonate and phosphate in the HTL solids. Fig. 5 depicts
the derivative weight curves for the six solid samples produced from
HTL. In addition, the derivative weight curve for pure calcium carbo-
nate is also shown. The change in weight between 600 and 800 °C is due
to the loss of CO, during the decomposition of CaCO3 to CaO [39].
Analysis of the pure CaCO3 data proves that the wt% of carbonate in the
sample can be accurately determined from the measured CO, weight
loss. HTL solids produced from algal solids from tanks 1-3 had negli-
gible amounts of carbonate. In contrast, the solids produced from HTL
of algae harvested from tanks 4-6 contained significant amount of
carbonate as shown in Table 4. The amount of carbonate was found to
range from near 3% to 41% with higher calcium loadings resulting in
higher carbonate percentages in the HTL solids.

With the initial carbonate at most being 15 wt% for the algal solid
samples, it appears that the HTL solids gained carbonate mass during
the reaction. In terms of recovery, HTL solids with the highest calcium
contents had > 100% carbonate recovery. The increase in carbonate
could be caused by the excess Ca®>* cations bonding with bicarbonate
(HCO3 ™) during the HTL reaction. Bicarbonate will form during HTL
from the interaction of CO, gas that is produced by decomposition of
the algal biomolecules and water. The in-situ generation of CaCO3 could
also explain the higher inorganic recovery also seen at the high Ca:P
molar ratio.
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Fig. 5. Thermogravimetric analysis derivative weight curves of CaCOj for re-
ference and the six HTL solid samples produced by the algal solids with varying
calcium concentration in the growth media. The dashed black line represents
the derivative weight curve of for the HTL solids produced from a 50/50
mixture of algal solids from tank 1 and 2 doped with CaCOs3.

Although the exact role of the calcium and carbonate in facilitating
phosphorus recovery are not clear, the data suggests that the amount of
carbonate in the HTL solids may be important. Comparing the results in
tank 3 and tank 4, the calcium concentrations and Ca:P molar ratio in
the algal solids are similar. However, a large difference in the carbonate
content of the HTL solids is observed corresponding to an increase in
phosphorus recovery of over 35%. The phosphorus recovery in tanks
4-6 reached nearly 100% and the HTL solids from these runs also
showed quantifiable amounts of carbonate according to the FTIR, XRD,
and TGA data. Finally, the doping of CaCO3; to a mixture of algae
harvested from tanks 1 and 2, clearly shows an increase in phosphorus
recovery. It should be noted that the amount of CaCO3; added to the
mixture would have made the Ca:P ratio equivalent to 2.4. Thus, it
would be expected that if the recovery were based solely on Ca:P ratio
or calcium content that the recovery would be similar to what was
measured with the experiments on the algal solids harvested from tanks
2 and 3. Additional studies are necessary to determine the exact role of
the calcium and carbonate in the phosphorus recovery.

3.4. Biocrude characterization

The CHNO composition and the HHV for the biocrude are also
shown in Table 4. Comparison of the distillate fractions for the various
samples in the study indicates that the different calcium loadings in the
growth media did not significantly impact HHV (37-41 MJ/kg) or the
boiling point distribution for the biocrude produced. The most
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abundant distillation fraction for all Ca:P molar ratios was that of the
vacuum gas fraction (343-538°C) at 35.7 = 4.8 wt%, followed by
kerosene (193-271°C) at 21.8 + 2.8wt% and vacuum residual
(> 538°C) fractions at 19.3 * 1.5wt%. The least abundant fractions
were the gasoline (271-343 °C) and heavy naphtha fraction (< 193 °C)
at10.8 = 2.2wt% and 11.6 + 1.1 wt%, respectively. The distribution
and range for the given distillation fractions is similar to what we have
previously reported for HTL on wastewater cultivated algae [12]. In
addition, 90 wt% or higher of the biocrude distilled off by 600 °C. By
comparison, Chen et al. observed approximately 16-32 wt% residual in
the simulated distillation of their biocrude product at 600 °C [6,13].
Similarly, Roussis et al. [40] observed only 77% of their initial HTL
biocrude to be distilled off by 550 °C. It was not until after a 450 °C
secondary thermal treatment that their biocrude product showed si-
milar distillate properties to the biocrude fractions in this study. Bio-
crude products that have a greater amount of light distillate fractions,
such as those that appear in this study, are more desirable because less
refining and upgrading is required for the product to be used in existing
infrastructure.

The carbon content of the biocrude produced from HTL on the algal
solids from all the tanks was near 79%. Similarly, no significant var-
iation was observed in the nitrogen content (average 5.4%). The
average oxygen content was 6.5% with the biocrude produced from
HTL of the algal solids from tank 5 being slightly lower at 5.7%. The
hydrogen content ranged from 8.7% to 10.6% with the biocrude pro-
duced from the algal solids harvested from tank 2 and 3 being over
10%. The N/C and O/C ratios were both close to 0.06 regardless of the
growth conditions. This range of O/C and N/C are typical for HTL
biocrude from algae where the ACP was separated prior to the addition
of extraction solvent (DCM) [12,41,42]. Comparison of the H/C ratio
for the biocrudes produced from the different algal solids is shown in
Fig. 6. The H/C ratio varied from 1.31 to 1.59 with the lowest H/C ratio
produced at the lowest and highest calcium additions to the growth
media. While there appears to be no obvious trend between the calcium
addition or Ca:P ratio of the algal solids and the H/C ratio of the bio-
crude, the analysis of the doping of CaCO3 to a mixture of the algal
solids from tank 1 and 2 may provide some explanation.

When CaCO3; was added doped into the reactor, the highest bio-
crude H/C of 1.65 was achieved. Thus, the CaCO3 observed in the algal
solids may be having an in-situ catalytic effect on the biocrude. Jena
et al. saw a similar increase in the H/C ratio as well as the highest C and
H recovery in the biocrude from HTL reactions that were doped with
Na,COs3. They hypothesized that at the subcritical water conditions of
HTL and in the presence of algal macromolecules Na,COs; reacts to form
sodium formate. Through a subsequent series of reactions OH™ and
HCOO™ ions are created, which further decompose the algal hydro-
carbon macromolecules to the biocrude product [43]. A similar phe-
nomena could also be occurring from the addition and presence of
CaCOs in the algal solids.

A key difference between the potential, in-situ, CaCO3 catalysis ob-
served in this study and the common alkali metal carbonate salt Na,CO3

Table 4
Properties of the biocrude, aqueous co-product (ACP), and HTL solids.
Tank Biocrude ACP HTL Solids
C H N o HHV Aq. C Aq. N Ca P Mg Ash CO3
wt% wt% wt% wt% MJ/kg % % mg/L mg/L mg/L wt% wt%
1 79.3 = 0.8 8.7 + 0.2 5.7 = 0.1 7.0 £ 0.3 37.9 = 0.9 154 = 0.1 54.4 = 0.1 1.2 = 0.1 461 = 5 0.1 = 0.1 53.1 2.7
2 80.0 = 0.8 10.2 = 0.1 51 = 0.1 6.5 = 0.2 40.4 = 0.9 17.8 £ 0.1 55.7 = 0.2 0.2 £ 0.1 649 = 5 0.1 = 0.1 57.9 2.8
3 79.6 = 0.4 10.6 = 0.2 54 = 0.1 6.7 £ 0.1 40.7 = 0.5 159 * 0.1 60.2 = 0.1 0.2 £ 0.1 506 = 2 0.3 = 0.1 58.6 2.9
4 78.2 = 0.4 94 = 0.1 5.3 = 0.1 6.5 = 0.2 38.6 = 0.5 16.5 = 0.1 62.7 = 0.1 0.7 £ 0.1 1.0 = 0.1 1.2 = 0.1 71.8 8.0
5 78.3 = 0.9 9.8 = 0.1 5.3 = 0.1 5.7 = 0.1 39.3 = 1.0 17.5 £ 0.1 61.5 = 0.1 0.7 £ 0.1 3.6 £ 0.1 7.5 = 0.1 59.8 41.1
6 78.6 = 1.1 88 + 0.4 54 = 0.1 6.9 = 0.2 37.8 = 1.2 15.2 * 0.1 61.3 = 0.1 1.0 = 0.1 1.7 = 0.1 0.1 = 0.1 68.7 30.5
n=3 n=3 n=3 n=
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Fig. 6. Biocrude H/C atom ratios from the varying Ca:P algal solids harvested
from each individual tank. The “X” represents the H/C biocrude ratio from HTL
reaction of lower Ca:P algal solids from tank 1 and 2 that were doped with
CaCOj3. The uncertainty in the H/C ratio (n = 3) for all tanks was + 0.02 except
tank 1 ( = 0.03) and tank 6 ( = 0.05).

is that CaCOj is significantly more insoluble in water (6.17 x 10~ * g/
100 mL water at 20 °C) than the Na,CO5; (21.5g/100 mL). Thus, the
dissociation of CaCOj3 is most likely the rate-limiting step in the possible
in-situ catalysis of the biocrude oil. However, Coto et al. demonstrated
that, while the solubility of CaCO3 decreases with higher temperatures,
it dramatically increases with higher pressures of CO, and presence of
other ions [44]. Thus, the presence of the other inorganic ions and high
pressure CO, that is known to be produced by the organic, biomolecules
of algal biomass, can promote CaCO3 dissociation and in-situ catalysis.
Chen et al. suggested that the carbonate ion formed from CaCO; dis-
sociation can react with ammonia produced from the degradation of
proteins to from ammonium carbonate. The ammonium carbonate
would degrade to carbon dioxide, water, and gaseous ammonia effec-
tively lowering the N content of the biocrude, ACP and solid product.
They also suggested that the carbonate ion could react with water to
form bicarbonates, which can catalyze the water-gas shift reaction [13].
While CO3;*~ may be impacting the biocrude, the higher availability
Ca®* has been shown to be the initial nucleation step for the hydro-
thermal synthesis of calcium phosphates, such as HAp [45] and, thus, is
also believed to impact the phosphorus recovery in the HTL solids.

3.5. Biocrude composition

GC-MS of the HTL biocrude further depicts the role that the in-
organic content of algal solids may have in-situ on the HTL biocrude
product. Table 5 reports the summation of the percent area for peaks in
four categories: aliphatics, aromatics, nitrogen-, and oxygen-com-
pounds. Aliphatics were alkanes, alkenes, and derivatives of alkanes

Table 5
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and alkenes. The primary aromatic compounds included benzene de-
rivatives, phenol, phenol derivatives, p-cresol, styrene, and naphtha-
lene derivatives. Included in the nitrogen compounds were amide, in-
dole, indole derivatives, pyrazine derivative, pyrrole, pyridine,
quinolone derivatives, and pyrrolidinone derivatives. Finally, the pri-
mary oxygen containing compounds were hexadecanoic acid, octade-
canoic acid, cyclic ketone, and alcohols. The relative peak areas of the
various compounds provides a comparison in the biocrude composition
produced from the HTL reaction of the six distinct algal solids. In all the
biocrude samples, the aromatics were lower than any other category
and were primarily phenol, phenol derivatives, and naphthalene deri-
vatives. For the aliphatic compounds, hexadecene derivatives were by
far the most abundant compound present in the biocrude. Hex-
adecanoic acid and octadecanoic acid accounted for the majority of the
oxygen compounds. In the tanks with lower calcium contents (tank 1-3)
the amount of hexadecanoic acid was much higher than the amount of
octadecanoic acid. Increasing the calcium content resulted in an in-
crease in the octadecanoic acid content and in the biocrude produced
from algal solids harvested from tanks 4 and 5, more octadecanoic acid
production than hexadecanoic acid.

Another interesting observation is in the nitrogen containing com-
pounds, specifically the amide species. The biocrude produced from
algal solids harvested from tank 4-6 have significant less amide com-
pounds than the biocrude from the other algal solids. This reduction in
amides could be due to the reduction in the protein content of the algal
solids as shown in Table 3. However, when CaCO3 was doped with the
low calcium containing algal solids from tank 1 and 2, the amide
concentration of the resulting biocrude was again low, even though the
protein content of the starting algae was high. This biocrude also had a
lower carboxylic acid content, 9.92%, compared to the biocrude pro-
duced from the algae harvested from tank 1 and tank 2 at 16.25% and
12.63%, respectively. Biller and Ross did notice a higher conversion of
lipid compounds to alkenes with the addition of Na,CO3 [9] and also
showed that Na,CO5 had the most success of converting carbohydrates
to biocrude compounds. Jena et al. saw an increase in the carboxylic
acid abundance in the biocrude from the addition of Na,COs; [43].
However, R. Shakya reported lower organic acid yields in the biocrude
with the addition of Na,CO;3; [46]. The decrease in amide and acid
content further shows the potential in-situ biocrude enhancement
CaCO3; may have during the HTL reaction. As previously stated, the
high partial pressures of CO, in the HTL reactor could increase the
solubility of CaCO3 during the HTL reaction [44]. The increased solu-
bility could lead to the changes in the CHNO distribution in the pro-
ducts either through solubility changes or through reactions facilitated
by Ca®* and/or CO52~ [13,43,46]. Thus, the presence of CaCO5 cap-
tured during harvesting could explain the similarities in biocrude yield
and the positive impact on the biocrude properties compared to other
low ash, low HTL solids yielding algae.

Commonly identified HTL biocrude compounds and their relative peak areas from algal solids with varied Ca:P ratios (n = 1).

Tank Ca:P Molar Ratio in CO3; wt% in Algal  CO3; wt% in HTL ~ Aliphatics Aromatics Nitrogen Compounds Oxygen Compounds
Algal Solids Solids Solids
1 0.1 n.d. 2.7 20.64 8.99 16.08 18.58
2 1.5 3.4 2.8 16.33 6.47 16.47 13.72
3 31 6.9 2.9 22.91 8.68 18.46 8.29
4 3.5 8.2 8.0 16.28 6.70 12.46 18.72
5 5.4 11.4 41.1 12.44 4.62 14.87 11.80
6 7.5 15.1 30.5 16.09 8.72 13.64 18.70
50/50 Mixture Tank 1 & 2 Doped with 2.4 25.36 25.5 18.39 10.74 13.41 12.53
CaCO,

Non-detectable (n.d.)
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4. Conclusions

Increasing the calcium concentration of the algal growth media does
not have a large impact on the ultimate and biochemical content of the
algae. Lower protein content was observed with higher calcium con-
centration due to small amounts of phosphorus precipitation in the
growth media. When harvested at a high pH, various calcium and
phosphorus species precipitate out of the algal media increasing the
calcium, phosphorus, and ash wt% of the algal solids. Calcium carbo-
nate was the primary crystalline structure observed in the algal solids
with higher calcium contents; however, other amorphous calcium
phosphate species are also suspected to be present. The greater presence
of inorganics had a large impact on the HTL solids. The fate of phos-
phorus in the products shifted from the ACP to the HTL solids at higher
calcium loadings in the growth media. The higher calcium concentra-
tions resulted in near 100% capture of phosphorus in the HTL solids. In
addition, the formation of TCP, CaCOs3, and substituted forms of cal-
cium phosphates and CaCO; were observed in the HTL solids.
Increasing the calcium content also had a positive impact on the bio-
crude, including the H/C ratio, amide, alkene, and carboxylic acid
content. The results of this study suggest that the inorganic solids col-
lected from high pH, flocculated, harvesting may have an in-situ cata-
lytic impact on the biocrude.
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